Western diet (WD) intake induces obesity and metabolic dysfunction. The present study examined the effects of WD on hippocampal-dependent cognitive functioning and blood-brain barrier (BBB) permeability as a function of exposure duration, obesity phenotype, and peripheral markers of energy regulation. The use of hippocampal-dependent "place" or hippocampal-independent "response" strategies in a Y maze was assessed in male rats following 10, 40, and 90 days of WD exposure in diet-induced obese (DIO) rats, in diet resistant (DR) rats that are relatively insensitive to the obesogenic properties of WD, and in chow-fed controls. Insulin, glucose, and BBB permeability throughout several loci in the hippocampus, striatum, and cerebellum were evaluated in relation to duration of WD exposure, obesity phenotype, and type of strategy used. DIO rats had increased body weight and adiposity throughout the study, and elevated 10-day glucose and 90-day insulin levels. Throughout the study, chow-fed and DR rats reliably relied on a place strategy. DIO rats, in contrast, favored a response strategy at the 10-and 90-day time points. BBB leakage was observed in the dorsal striatum and multiple subregions of the hippocampus of DIO, but not DR or chow-fed rats. Increased ventral hippocampal BBB permeability and blood glucose levels were associated with reduced place strategy use. These data indicate that WDinduced BBB leakage is dependent on duration of diet exposure as well as obesity phenotype, and implicates BBB leakage and impaired glucoregulation in behavioral strategy and cognitive performance.
The overconsumption of simple sugars and saturated fats has long been known to induce weight gain and fat accumulation (Fung et al., 2001; West, Boozer, Moody, & Atkinson, 1992) .
Throughout industrialized nations, diet-induced obesity, as well as obesity-and diet-related illnesses, are becoming ubiquitous (Flegal, Carroll, Ogden, & Curtin, 2010) . Recent data suggest that extended exposure to high fat, high sugar "Western" diets (WD) can disturb cognitive function and increase susceptibility to neurodegenerative conditions (Hu et al., 2006; Naderali, Ratcliffe, & Dale, 2009; Wang, Beydoun, Liang, Caballero, & Kumanyika, 2008) . Similarly, rats fed WD also show impaired performance on hippocampal-dependent, but not hippocampalindependent tasks (Davidson et al., 2013; Davidson, Kanoski, Schier, Clegg, & Benoit, 2007; Davidson, Kanoski, Walls, & Jarrard, 2005; Kanoski & Davidson, 2011; Kanoski, Zhang, Zheng, & Davidson, 2010; Molteni, Barnard, Ying, Roberts, & Gómez-Pinilla, 2002; Pistell et al., 2010; Pistell et al., 2009; Stranahan et al., 2008; Wu, Ying, & Gomez-Pinilla, 2004) . Diet-induced obese (DIO) WD-fed rats are more likely to develop cognitive deficits than their lean (diet resistant, DR) counterparts (Davidson et al., 2013; Davidson et al., 2012) . However, deficits in hippocampal-dependent task performance have also been observed prior to the onset of obesity after short-term (3-to 10-day) WD access (Kanoski et al., 2010) . Though these impairments remitted by Day 24, early deficits predicted increased weight gain over time (Davidson et al., 2013) , suggesting WD need not induce obesity to alter hippocampal function, and that even transient hippocampal impairments may facilitate weight gain.
Hippocampal deficits may result from damage to the bloodbrain barrier (BBB), an important structure that maintains homeostasis within the brain parenchyma and precludes the influx of blood-borne compounds. BBB leakage can alter neuronal firing rates (Janigro, 2012) and permit neurotoxic compounds to enter the brain interstitial fluid and damage cells. In previous studies, WD-DIO rats exhibited increased sodium fluorescein (NaFl) permeability in the hippocampus (Davidson et al., 2013; Davidson et al., 2012) and decreased expression of tight-junction proteins, which comprise the BBB and choroid plexus (Kanoski et al., 2010) , suggesting the BBB is damaged after maintenance on WD.
The present research further characterized the relationship between WD and BBB leakage, with three objectives. Previous investigations showed that BBB leakage following WD exposure varied as a function of obesity phenotype. However, these studies were all conducted at 1 time point. Our first goal was to assess the development of BBB permeability changes in DIO, DR, and chow-fed control rats across three durations of WD exposure (10, 40, and 90 days). Our second objective was to expand and refine the analysis of WD-induced increases in BBB permeability on the brain. Previously, these analyses compared BBB permeability in the total hippocampus with that in other brain structures. Here, we examined the level of BBB permeability in different ventral and dorsal hippocampal subregions (subiculum, dentate gyrus) and cell fields (CA1, CA3). This was based on the preponderance of evidence showing that anatomically distinct hippocampal subregions are differentiated functionally (Abi-Saab et al., 2002; Fanselow & Dong, 2010; Gilbert, Kesner, & Lee, 2001; GoodrichHunsaker, Hunsaker, & Kesner, 2008; Jarrard, Davidson, & Bowring, 2004) , are vulnerable to independent insults (Becker et al., 1999; Wilde, Pringle, Wright, & Iannotti, 1997) , and are associated with diverse disorders (for review, see Small, Schobel, Buxton, Witter, & Barnes, 2011) . For example, loss of CA1 and subicular neurons are associated with the development of Alzheimer disease. The dentate gyrus appears to be vulnerable to normal aging, as blood oxygen level-dependent (BOLD) signaling is altered in this region among aged adults, and alterations in cellular metabolism within the subiculum, CA1, and CA3 are associated with schizophrenia, depression, and dementia (for review, see: Small et al., 2011) .
We anticipated that BBB leakage in regions such as the dorsal CA1 and CA3, which are highly involved in the representation of space (Goodrich-Hunsaker et al., 2008) , would be correlate with navigation deficits, whereas increases in obesity would be associated with BBB damage in the ventral hippocampus (Clifton, Vickers, & Somerville, 1998; Davidson et al., 2009; Kanoski, Fortin, Ricks, & Grill, 2013) . Because the striatum is heavily involved in response learning (Berke, Breck, & Eichenbaum, 2009 ), we measured dorsal and ventral striatal NaFl accumulation. We also analyzed NaFl accumulation in the cerebellum in order to determine whether BBB permeability is altered in more extant brain areas.
Our third aim was to evaluate the relationship between BBB permeability, obesity phenotype, and learning and memory function. Expanding on previous studies, we assessed how rats solved a task in which performance could be based on either a "place" strategy, which involves learning about the location of a rewarded goal box in relation to other objects in space and has been shown in both humans and rats to depend on the hippocampus, or a hippocampal-independent "response" strategy, which involves learning what motor response leads to the rewarded goal box (Iaria, Petrides, Dagher, Pike, & Bohbot, 2003; Iglói, Doeller, Berthoz, Rondi-Reig, & Burgess, 2010; Packard & McGaugh, 1996) . Thus, we examined whether (a) WD-maintained DIO and DR rats would adopt a predominantly response strategy as a function of duration of WD exposure and (b) the timing of such a shift would be linked to changes in permeability of the BBB in any of the different brain regions that we examined.
Materials and Method

Subjects, Diets, and Study Design
All procedures were approved by the Purdue University Animal Care and Use Committee (PACUC). A total of 75 male SpragueDawley rats (275-300 g; Harlan Laboratories, Indianapolis, IN) were used (n ϭ 63 for the primary experiment, n ϭ 12 for the pair-feeding experiment). Rats were individually housed in a temperature and humidity controlled room with a 12/12 light/dark cycle with access to water at all times. Rats were fed chow (chow; Harlan Teklad 2018, Harlan Teklad, Indianapolis, IN) or a WD comprised largely of saturated fats and dextrose (WD; Harlan TD.10768). See Table 1 for composition.
After at least 1 week acclimation, rats (n ϭ 63) were weighed and analyzed for body composition via nuclear magnetic resonance (NMR; Echo-MRI-900, Echo Medical Systems, LLC, Houston, TX), then matched into diet (chow or WD) and exposure duration (10, 40, or 90 days) groups (n ϭ 10 -11 per group) based on body weight and adiposity. These groups were then further divided into four balanced cohorts in order to accommodate apparatus scheduling and to minimize time variance on sacrifice days; diet administration was staggered by 1 week per cohort. Rats were weighed 5 days per week and analyzed for body composition approximately once every 10 days. Food intake (kCal) was measured by weighing food hoppers and spillage 5 times per week. Behavioral tests were performed at Days 8, 38, or 88. Two days later, rats were sacrificed for BBB analyses.
Blood Collection and Analysis
Following a 2-h fast, a drop of tail blood was analyzed for glucose in duplicate via glucometer (Novamax Plus, Nova Diabetes Care, Inc., Billerica, MA). Approximately 1 mL blood was then collected into iced tri-potassium ethylenediaminetetraacetic acid (K 3 EDTAϩ) tubes (Vacutainer, BD Medical, Franklin Lakes, NJ), and centrifuged 15 m at 4°C at 2,500 rotations per minute. Plasma was aspirated and stored at Ϫ80°C until analysis could be com- 
BBB Permeability Assessment
Rats were given a light intraperitoneal dose (0.33 mL/kg) of Beuthanasia and when sedated, were administered a 10% NaFl solution (1 mL/kg). NaFl circulated for 10 min, a duration within the window of time (5-15 min) previously demonstrated (Farkas et al., 1998; Martinez & Koda, 1988; Natah, Srinivasan, Pittman, Zhao, & Dunn, 2009 ) to deliver the best dye penetration. These doses and time frames were validated prior to experimentation in our lab using positive control animals that had been exposed to middle cerebral artery occlusion (not shown). Rats were then perfused with phosphate buffered saline (PBS) for 5 min, then fixed with 4.0% iced paraformaldehyde, then postfixed for 2 h. No cryoprotectant was used, as these have been shown to reduce NaFl fluorescence (Natah, Mouihate, Pittman, & Sharkey, 2005) .
Tissue was sectioned at 50 mol/L and mounted to slides under low ambient light conditions. Imaging and quantification were performed by a researcher blinded to the treatment conditions. Photomicrographs were obtained at 40ϫ, and regional densitometric analyses were performed using FIJI (FIJI Is Just ImageJ; Schindelin et al., 2012) . NaFl was expressed as mean backgroundsubtracted gray values, with higher numbers indicating increased BBB permeability.
Behavioral Assessment
Apparatus. Rats were tested in a three armed, Y-shaped maze in a moderately lit room containing numerous diverse extramaze cues (see Figure 1A for schematic). Each arm was 1 m long and 20 cm wide, bordered by a 20-cm high wall. The interior of the maze was lined with lightly soiled bedding, which was tossed between trials to neutralize odor cues. One arm was designated the start arm, the goal arm was baited with a cup containing a sucrose pellet (45 mg Dustless Precision Pellets, Bio-Serv, Frenchtown, NJ), which was positioned 10 cm from the end of the arm. The third arm was unbaited (dummy), but contained a cup identical to the one placed in the goal arm. These designations remained constant throughout the experiment.
Training. Rats were preexposed to sucrose pellets for 3 days prior to testing, and all rats readily consumed the sucrose pellets by the third day. After overnight food deprivation, rats were acclimated to the apparatus, then trained to reliably locate the goal arm. Training began at the onset of the dark cycle. During each trial, the rat was placed within the distal 25 cm of the start arm and given 1 minute to enter another arm, then 30 s to explore and consume the sucrose reward. Rats consumed the pellet after nearly every correct trial, and there were no diet-or weight-based differences in the percent of pellets consumed during correct trials. Rats were then returned to their home cages for 5-10 min, after which this procedure was repeated. Training persisted until the following criteria were reached: the rat (a) entered and explored both arms, (b) consumed at least 5 sucrose pellets, (c) made at least 20 arm entries, and (d) entered the goal arm in 80% of the final 10, and 100% of the final 5 trials. Training ceased if rats failed to fulfill these criteria within 100 trials, as was the case in two WD-fed rats from the 10-day group. In these animals, behavioral data were not analyzed.
Intramaze cues were made irrelevant by rotating the apparatus 120 degrees and repositioning the cups in their correct spatial location every 10 trials. Because the location of the rewarded cup remained constant relative to both the start arm location and extramaze cues, the animal could solve the task reliably using either egocentric, directional (response) cues, or spatial extramaze (place) cues.
Strategy preference testing. Place and response cues were then uncoupled by reversing the direction of the maze while holding the extramaze cues constant ( Figure 1B) , and rats were then given 10 unbaited trials to assess which strategy was used to solve the task. If all four paws entered the arm corresponding to the rewarded extramaze cues, it was designated place; other choices were designated response.
Body Weight and Behavioral Strategy Groups
To assess the relationship between diet, body weight, duration of diet exposure, cognitive performance, and BBB permeability, rats were divided into groups based on body weight (WD-DR and . Extramaze cues were placed in fixed positions throughout the room; the goal arm remained consistent throughout training, allowing rats to use either a place or a response strategy to learn the task. During testing, the maze was flipped 180°in order to uncouple the arms that would predominantly be used in place or response strategy-prone rats (B). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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WD-DIO) via median split (WD-DR n ϭ 6, 6, and 5; WD-DIO n ϭ 5, 5, and 6 for 10, 40, and 90 days, respectively), and cognitive strategy (place, intermediate, response) based on the strength and nature of their strategy preference (place n ϭ 6, 12, and 4; intermediate n ϭ 7, 6, and 9; response n ϭ 6, 3, and 8 for 10, 40, and 90 days, respectively). Rats that turned toward the extramaze cues 70% of the time or more were designated place rats, while rats that turned the opposite direction 70% of the time or more were designated response rats. Those that did not show a reliable pattern toward one direction (40 -60% of the turns toward the extramaze cues) were designated intermediate rats. Two rats from the 10-day WD-DIO group were unable to learn the spatial task within 100 trials and were excluded from this analysis.
Pair-Feeding
Because WD-fed rats consumed a significantly greater number of calories during the first 10 days of the study, pair-feeding (PF) was performed to assess the role of WD independent from caloric intake. Twelve Sprague-Dawley rats were weight matched into two groups, chow and WD-PF (n ϭ 6/group). Each WD-PF rat was paired with the chow rat closest in body weight and adiposity. For chow rats, food and spillage was weighed daily. Caloric intake for each 24-h period was calculated for each chow rat, and a portion of WD that was equal in calories was distributed to the corresponding WD-PF rat approximately 30 min prior to the onset of the dark cycle. Because of this feeding paradigm, experimental procedures for WD-PF rats lagged 1 day behind their chow counterparts. Other than this delay, procedures were identical to those performed during the first 10 days of the previous experiment; rats were food deprived overnight after 7 days diet exposure, and tested for spatial learning, and place or response preference on Day 8. Food access was then restored, and body weights were allowed to recover, and at 10 days, body composition was analyzed, and blood glucose and plasma insulin were assayed as described above.
Statistical Analyses
Body weight, caloric intake, and body composition data were analyzed via repeated measures, two-way analyses of variance (ANOVA) with multiple comparison-corrected Bonferroni post hoc tests (specific factors analyzed are indicated in their respective results sections) The distribution of strategies within dietary treatment groups was analyzed via chi-square test. Terminal body weight, adiposity, blood glucose, plasma insulin, and BBB measurements were analyzed via two-way ANOVA with Bonferroni post hoc tests. Significance was set at p Ͻ .05.
Results
Differences Between Diet/Body Weight Groups
Food intake was measured 5 times per week, and average weekly caloric intake was assessed via two-way ANOVA with Bonferroni post hoc tests. A significant interaction between diet and exposure duration was noted for caloric intake, F(24, 400) ϭ 8.56, p Ͻ .0001, along with main effects of diet type, F(2, 400) ϭ 6.41, p ϭ .0018, and exposure duration, F(12, 400) ϭ 33.33, p Ͻ .0001. Post hoc analysis revealed a period of hyperphagia in WD-fed rats during the first week of diet administration (mean kcals: 87.48, 105.8, and 113.8 for chow, WD-DR, and WD-DIO rats). This increase caloric intake during the first week was significant for both WD groups, compared with chow (p Ͻ .001). WD-DIO rats also consumed significantly more calories than WD-DR rats during week 1 (p Ͻ .05). However, at no other time points did food intake levels differ between any groups.
Body weight (Figure 2A ) was analyzed via two-way ANOVA with planned Bonferroni post hoc tests at 10, 40, and 90 days. A significant interaction was observed for body weight gain, F(4, 54) ϭ 5.33, p ϭ .0011, with WD-DIO rats gaining significantly more weight than both chow and WD-DR rats at 90 days (p Ͻ .001 for both comparisons), and weighing significantly more than chow (p Ͻ .05, p Ͻ .01, and p Ͻ .001 at 10, 40, and 90 days, respectively) and WD-DR (p Ͻ .01, p Ͻ .05, at 10 and 40 days, respectively). WD-DIO rats also weighed marginally more than WD-DR rats at 90 days (p ϭ .0907).
Body fat measurements ( Figure 2B ) were expressed as a percentage of total body weight, and analyzed via two-way ANOVA with planned Bonferroni post hoc tests. Main effects of both diet type, F(2, 54) ϭ 19.48, p Ͻ .0001, and exposure duration, F(2, 54) ϭ 16.20, p Ͻ .0001. While WD-DR rats only had higher adiposity than chow at the 40-day time point (p Ͻ .05), WD-DIO rats had a greater proportion of body fat than chow rats at 10, 40, and 90 days (p Ͻ .05, p Ͻ .01, and p Ͻ .001, respectively), but not WD-DR rats.
Blood was collected after a 2-h fast on the day of sacrifice, glucose and insulin were measured in chow, WD-DR, and WD-DIO rats. Compared with chow, WD-DIO rats showed a main effect of diet on blood glucose, F(2, 54) ϭ 3.62, p ϭ .0332 ( Figure  2C ), and an interaction between diet and time on plasma insulin, F(3, 53) ϭ 3.00, p ϭ .0263 ( Figure 2D ). WD-DIO rats had elevated 10-day glucose levels compared with chow (p Ͻ .01), and increased 90-day insulin levels compared with both chow (p Ͻ .001) and WD-DR rats (p Ͻ .01).
Rats were trained to a set of criteria on an appetitive, spatial learning task that could be solved via the use of place or response strategy, then probed for place or response strategy preference. Acquisition and strategy data were analyzed via two-way ANOVA with planned Bonferroni post hoc tests. For acquisition ( Figure  3A) , an interaction between diet and time was observed, F(4, 54) ϭ 3.81, p ϭ .0084. Compared with chow, rats fed WD had a significantly longer latency to learn the task at 10 (WD-DR: p Ͻ .01; WD-DIO: p Ͻ .05) and 90 (WD-DR: p Ͻ .05; WD-DIO: p Ͻ .01), but not 40 days. This was not dependent on body weight, as WD-DR rats weighing the same as chow showed the same acquisition delay as their DIO counterparts at 10 and 90 days.
Strategy was then assessed ( Figure 3B ); a marginally significant interaction between diet and time was present, F(4, 52) ϭ 2.36, p ϭ .0661, and main effects of both diet and exposure time were present, F(2, 52) ϭ 2.35, p ϭ .249 and F(2, 52) ϭ 7.42, p ϭ .0015, respectively, and post hoc tests revealed that WD-DIO rats were significantly more likely than chow to use a response strategy at 10 and 90 days (p Ͻ .05). There were no significant differences in strategy between WD-DIO and DR and the DR and CHOW diet groups.
Hippocampal, striatal, and cerebellar BBB permeability was assessed via NaFl injection after 10-, 40-, and 90-day diet exposure in chow, WD-DR, and WD-DIO rats, and analyzed via two-way This document is copyrighted by the American Psychological Association or one of its allied publishers.
ANOVAs. There were no significant interactions between diet and treatment group. Significant main effects of time were observed for all regions (p Ͻ .0001). Figure 4A , 5A) and the ventral dentate gyrus; p Ͻ .01 in the entire ventral hippocampus and ventral CA3 region; p Ͻ .001 in the ventral CA1, CA2, and subiculum ( Figure 4B , 5B). WD-DIO rats also had increased 90-day ventral CA2 permeability compared with WD-DR rats (p Ͻ .01). This is consistent with previous observations showing WD-induced hippocampal BBB leakage (Davidson et al., 2013; Davidson et al., 2012; Kanoski et al., 2010) .
Dorsal striatal permeability was increased in WD-DIO rats compared with chow (p Ͻ .01) after 90-day diet access. No differences were observed for the total striatum or the ventral (nucleus accumbens and olfactory tubule) subregions ( Figure 4C , 5C). These data are consistent with our previous observations, which revealed no diet-induced permeability differences within the aggregate striatum, but expands upon them by revealing the increased permeability of the dorsal striatum and highlights the importance of this more refined BBB analysis. No differences were observed in the cerebellum at any time (see Figure 4D , 5D). Collectively, these findings indicate that diet-induced changes in BBB permeability, while not global, extend beyond the hippocampus. However, a comparison of all brain regions revealed that NaFl accumulation in WD-fed rats was higher in the ventral hippocampus, compared with both the striatum (p Ͻ .05) and cerebellum (p Ͻ .001) at 90 days. Permeability was likewise higher in the dorsal hippocampus of WD-fed rats, compared with the cerebellum (p Ͻ .05). This suggests that the BBB of the hippocampal formation may be more vulnerable to insult than the other regions measured in the present experiments. Figure 2 . Markers of the metabolic syndrome in rats fed chow or WD. Body weight of WD-DIO rats was significantly higher than chow rats at all time points, and WD-DR rats at 10 and 40 days (A). Compared with chow, percent body fat was significantly higher in WD-DIO rats at all time points, and significantly higher in WD-DIO rats at 40 days (B). At 10 days, blood glucose was significantly higher in WD-DIO rats, compared with chow (C). At 90 days, plasma insulin was significantly higher in WD-DIO rats, compared with chow and WD-DR rats (D Relationships between strategy and body weight, adiposity, and blood composition. Though a main effect of time was detected for body weight, F(2, 54) ϭ 56.30, p Ͻ .0001, due to growth throughout the experimental period, there were no significant differences in weight between strategy groups at any point ( Figure 6B) . A main effect of time was observed for adiposity, F(2, 54) ϭ 10.49, p Ͻ .0001, which was significantly higher in both response and intermediate rats at 90 days (p Ͻ .05).
Effects Related to Behavioral Phenotype
Although no significant effects of body weight and adiposity on learning strategy were observed, glucose levels were higher in response ( Figure 6C ) compared with intermediate rats at 10 days (p Ͻ .01). A main effect of strategy was detected for insulin, F(2, 54) ϭ 4.43, p ϭ .0166 ( Figure 6D) ; response animals had significantly higher 90 day plasma insulin levels than intermediate (p Ͻ .01) or place (p Ͻ .05) rats.
Relationship between strategy and BBB permeability. NaFl permeability in the hippocampus, striatum, and cerebellum were analyzed for place, intermediate, and response rats at 10, 40, and 90 days. Interactions were observed between strategy and time in the ventral hippocampus (for total ventral hippocampus, CA1, and ventral subiculum, F(2, 54) ϭ 3.04, p ϭ .05; F(2, 52) ϭ 3.04, p Ͻ .05; and F(2, 52) ϭ 6.09, p Ͻ .001, respectively (see Figure  7A ). Main effects of time were observed for all brain regions analyzed (p Ͻ .0001). The smallest F(2, 52) values were: 19.68 (dorsal hippocampus), 20.89 (ventral hippocampus), 24.84 (striatum), and 16.19 (cerebellum). A main effect of strategy was noted for the ventral subiculum, F(2, 52) ϭ 4.06, p Ͻ .05. These data suggest that rats with more pronounced BBB permeability in the ventral hippocampus were more likely to use a response strategy at 90, but not 10 or 40 days, suggesting that this region may be particularly tied to the behavioral consequences of extended WD maintenance.
Response rats had significantly higher 90-day BBB permeability in most regions of the ventral hippocampus, compared with both intermediate (p Ͻ .05 in the ventral CA3, p Ͻ .01 in the total ventral hippocampus and CA1, and p Ͻ .001 in the ventral CA2 and subiculum) and place (p Ͻ .05 in the total ventral hippocampus, CA1, and CA3 region; p Ͻ .01 in the ventral subiculum) strategists. No differences were present in the dorsal hippocampus, cerebellum, or ventral striatum ( Figure 7B) ; however, the permeability of the entire hippocampus was significantly increased in response strategy-prone rats, compared with both place and intermediate animals (p Ͻ .05). Though they did not differ from place strategists, response-prone rats had increased 90-day dorsal striatal permeability compared with intermediate rats (p Ͻ .05); total and ventral striatum did not differ between strategy groups.
PF Experiment
Because pronounced hyperphagia was observed in WD-fed rats during the first week of the experiment, it was challenging to determine whether the behavioral and physiological results obtained at the 10-day time point were the result of the diet per se, or excess energy intake in general. In order to determine whether these early changes could be attributed to WD intake, an additional group of rats (WD-PF) were pair-fed WD for 10 days, in direct proportion to the caloric intake of a chow cohort, after which cognitive performance was assessed. Food was measured daily, though there were no differences in intake between groups prior to the period of food deprivation.
Body weight gain was analyzed via two-way ANOVA for chow and WD-PF rats for the 7 days prior to food deprivation and behavioral testing, and separately thereafter. During the first week, a significant interaction and a main effect of time were observed, F(7, 80) ϭ 2.14, p Ͻ .05, and F(7, 80) ϭ 42.56, p Ͻ .0001, respectively. Although WD-PF rats weighed the same as the chow rats to which they were pair-fed, they had significantly elevated adiposity (p Ͻ .01; Figure 8A ). Blood was sampled from chow and WD-PF rats; there were no significant differences between these groups on blood glucose ( Figure 8B ) or plasma insulin ( Figure  8C ).
At the 10-day time point, chow and WD-PF rats were assessed for acquisition performance ( Figure 8D ) and strategy preference ( Figure 8E ) on the spatial learning task, and analyzed via student's t test. Relative to chow, WD-PF rats were significantly impaired at acquisition (p Ͻ .05). Along with the 90-day data from the previous experiment, these data suggest that acquisition deficits are not driven primarily by increased caloric intake or body weight, but This document is copyrighted by the American Psychological Association or one of its allied publishers.
instead may be due to features of the diet itself. However, the preferred strategy used to solve the task seems to depend heavily on body weight and adiposity, as WD-DIO but not WD-DR or chow rats (which were lighter and leaner than WD-DIO rats) showed a robust preference for a response strategy at 10 and 90 days, and WD-PF rats, which had higher levels of body fat than chow rats, were marginally more response-prone (p ϭ .0536).
Discussion
The three primary objectives of the present study were to (a) characterize the development of WD-induced BBB permeability changes, (b) refine our analysis of BBB permeability changes to better understand where they manifest within the brain, and (c) assess the relationship between BBB permeability, obesity phenotype, and behavioral strategy and performance. First, we showed that the integrity of the BBB varied as a function of duration of WD exposure. Increased BBB permeability was not present until WD-DIO rats had been exposed to WD for 90 days. This suggests that BBB breakdown is (a) gradual, or (b) coincides with other factors related to WD maintenance and/or obesity.
Second, we found that after 90 days on WD, BBB permeability increased in hippocampus in toto, and that these permeability increases were widespread, affecting the CA1 and CA3 cell fields, as well as the subiculum and dentate gyrus in both the dorsal and ventral hippocampus. Thus, the hippocampal BBB was broadly affected by WD. Increased BBB permeability, while not observed within the structure overall, was observed in the dorsal (but not ventral) striatum. While increased striatal BBB permeability was not observed in previous studies, these other analyses examined the entire mass of the striatum, rather than discrete subregions. The present results remain consistent with previous observations showing no global striatal BBB leakage, but the improved anatomical precision employed herein suggests further investigation into the effects of WD on dorsal striatum-dependent behaviors is warranted. Consistent with previous results, we found no differences in cerebellar BBB permeability, indicating that this region may be relatively resilient to the neurovascular damage induced by WD.
Third, we showed that the WD-induced BBB permeability disruptions were linked to hippocampal-dependent learning and memory function. Rats with BBB dysfunction exhibited a shift from a hippocampal-dependent PLACE strategy to a hippocampalindependent response strategy to solve the Y maze problem. The use of a response strategy is associated with increased behavioral rigidity (Ragozzino, Detrick, & Kesner, 1999; Ragozzino, Ragozzino, Mizumori, & Kesner, 2002) ; it may therefore be more difficult for these animals to implement lifestyle changes (e.g., diet and exercise) to regulate body weight.
Within our present design, a switch from a place to a response strategy is difficult to attribute to a nonspecific WD-induced deficit in performance (e.g., reduction in motivation, reward value, Figure 4 . Regional, background subtracted NaFl permeability after 10, 40, and 90 days diet maintenance. At 90 days, WD-DIO rats had significantly increased NaFl levels in all measured fields in dorsal hippocampus, compared with chow rats (A). At 90 days, WD-DIO rats had significantly elevated NaFl levels in all ventral hippocampal cell fields, compared with chow, and elevated ventral CA2 NaFl compared with WD-DR rats (B). At 90 days, there were no significant differences in total or ventral striatal NaFl expression, but WD-DIO rats showed significantly elevated dorsal striatal NaFl compared with chow (C). There were no differences in NaFl permeability in the cerebellum at any time point (D).
‫ء‬ indicates results significantly different from chow rats; indicates results significantly different from WD-DR rats ( ‫ء‬ andˆindicate p Ͻ .05; ‫ءء‬ andˆˆindicate p Ͻ .01; ‫ءءء‬ andˆˆˆindicate p Ͻ .001). WD ϭ Western diet; DIO ϭ diet-induced obese; DR ϭ diet-resistant. This document is copyrighted by the American Psychological Association or one of its allied publishers.
behavioral competence). Though a greater number of trials is often associated with a response bias (Dickinson, 1985; Gibson & Shettleworth, 2005; Packard & McGaugh, 1996) , hippocampal activation during spatial tasks remains constant even as rats switch from a place to a response strategy, and response-prone rats retain the ability to solve tasks using a place strategy (Chang & Gold, 2003a) . We do not believe the number of trials underlies the phenotype observed here, as WD-DR and WD-DIO rats were equivalent in their number of acquisition trials, and the two factors did not significantly correlate (r ϭ Ϫ0.1036; p ϭ .419). Further, when others have examined the switch in memory systems as a result of extended training, a response bias emerged only after rats received substantial (20 -40 trials) training beyond that needed to reliably solve the problem (Chang & Gold, 2003b; Packard, 1999) . Since acquisition trials in the present experiment were terminated immediately upon a rat reaching criteria, animals from all groups were approximately equivalent in the number of potential "postlearning" trials. While it still remains possible that an increased number of trials influenced strategy preference, controlling for this would have resulted in different degrees of learning, which could also impact arm choice during a probe test. BBB permeability and strategy preference were also associated with the obesity-promoting effects of WD. The BBB deficit and a shift from the place to the response strategy were observed only by the DIO rats that exhibited marked weight gain when WD was introduced. Rats that exhibited the DR phenotype failed to show significantly increased BBB permeability or decreased reliance on a place strategy relative to chow-fed controls. Interestingly, maintenance on WD led to a significant impairment in acquisition at 10 and 90 days that was seemingly independent of body weight phenotype or behavioral strategy. One possible explanation for the overall increase in number of trials among both DIO and DR rats fed WD, compared with chow, is a performance deficit due to diet-based differences in satiety or arousal. However, as we did not This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
observe a difference in pair-fed rats, or between groups at Day 40, it is unlikely that this effect is totally due to such factors. Another possibility is that WD affects other brain substrates underlying spatial learning, in a manner that is independent of body weight or BBB permeability. It is known that maintenance on WD can lead to reductions in both hippocampal and hypothalamic brain-derived neurotrophic factor (BDNF) expression (Yu, Wang, & Huang, 2009) , along with inflammation and activation of microglia (Pistell et al., 2010; Pistell et al., 2009) , both of which could affect learning. Finally, considering we observed a trend toward increased BBB permeability in the hippocampus and striatum of WD-DR rats, it is possible that a milder neurological phenotype was sufficient to slow the rate of acquisition, but not impede it so much as to alter an animal's strategy. Investigation into the effects of diet-induced obesity phenotype on place-or response-specific spatial tasks would help elucidate this. Regardless, it is clear that diet and body weight exert independent effects on brain health and its behavioral manifestations.
To better understand the relationship between BBB permeability and behavior, we assessed NaFl expression according to strategy preference. This analysis revealed increased 90-day BBB permeability in the ventral hippocampus of response rats, compared with both place and intermediate, and increased 90-day permeability in the dorsal striatum of response rats compared with intermediate. Though we did not observe strategy group differences in NaFl accumulation in the dorsal hippocampus, there was a trend toward increased permeability in response rats compared with intermediate and place. While dorsal hippocampus is canonically associated with spatial learning, damage to the ventral hippocampus has also been shown to upset performance in spatial tasks (Broadbent, Squire, & Clark, 2004; Moser & Moser, 1998) . Damage to both structures induces the most severe phenotype; the additive effects of BBB leakage in the ventral hippocampus, plus the marginal leakage in the dorsal hippocampus, may induce the greatest spatial deficits. Given its role in energy homeostasis (Davidson et al., 2009) , BBB leakage in the ventral hippocampus may also influence feeding behavior and promote further weight gain.
The increase in BBB permeability in both the hippocampus and dorsal striatum of rats using a response strategy is interesting, though a bit counterintuitive. While deficits in place learning have long been associated with impairments in hippocampal function, response learning is believed to depend on an intact striatum (Yin & Knowlton, 2004) . If a response bias is presumed to indicate reduced hippocampal involvement, the present data suggest that the functional impairment due to BBB leakage was greater in the hippocampus, compared with the striatum. This may be due to overall higher BBB permeability in the hippocampus relative to the striatum, which was consistent across subregions and animals but, except for comparisons between the striatum and ventral subiculum (p Ͻ .001 for all striatum regions), failed to reach statistical significance (for ventral hippocampus vs. dorsal striatum, p ϭ .0584). Alternately, differences in strategy preference may be due to a higher sensitivity to the effects of BBB damage within the hippocampus. Importantly, neither explanation requires impeccable response learning or striatum function so long as the hippocampal deficits are sufficiently profound; deficits in both place and response may occur simultaneously and may account for delays in acquisition. This document is copyrighted by the American Psychological Association or one of its allied publishers.
The present study also showed that spatial deficits and reduced place strategy use could also be obtained after 10 days of WD maintenance, in the apparent absence of a leaky BBB. At this time, WD-DIO rats exhibited a mild hyperglycemia compared with chow. Since rats were hyperphagic during the early phase of the study, we included a pair-fed cohort to investigate the effects of diet quality, rather than quantity, on behavior. While WD-PF rats had normal glucose levels compared with chow, they still required significantly more acquisition trials and showed a trend toward a response bias, suggesting neither hyperglycemia nor caloric excess can sufficiently explain the 10-day behavioral changes. WD-PF rats, like their WD-DIO counterparts, did have increased adiposity compared with chow animals, suggesting the initiation of lipid accumulation may be associated with these early deficits. Alternately, the performance deficits observed may be the result of altered nutrient transport into the brain. We have previously observed reductions in hippocampal glucose transporter 1 (GLUT1) and monocarboxylate transporter 1 (MCT1) mRNA following 10 days of maintenance on WD (Hargrave, Davidson, Lee, & Kinzig, 2015) . These changes were accompanied by altered vicarious trial and error and spontaneous alternation behaviors. In humans, GLUT1 deficiency is associated with cognitive (including spatial) impairments, suggesting the hippocampus may be particularly affected by reduced GLUT1 levels (De Vivo et al., 1991; De Vivo & Wang, 2008) .
We observed high levels of both adiposity and insulin in WD-DIO rats at 90 days, which were associated with NaFl accumulation as well as response strategy preference. Insulin has been known to regulate brain endothelial cells; during states of central insulin resistance, the BBB is damaged (Banks, 2012) . The functional consequences of this are severe; for instance, Alzheimer disease is so strongly associated with central insulin resistance that it has been ascribed the moniker "type 3 diabetes" (De la Monte, 2009). Though peripheral and central insulin levels are not directly correlated, changes in glycemic control may be one mechanism by which diet-induced impairments develop. In vitro exposure to components of WD, including glucose (Trudeau, Molina, & Roy, 2011) , cholesterol (Fu et al., 2012) and lipids (Cacicedo, Benjachareowong, Chou, Ruderman, & Ido, 2005) , and in vivo streptozotocin treatment (Park, Yun, Kim, Kim, Cho, & Kim, 2014) can lead to the deterioration of retinal pericytes. Since pericytes are essential to the maintenance of a healthy BBB, damage as a result of alterations in blood glucose or other factors as a result of diet or diabetes could have severe neurological consequences. High adiposity is also associated with increases in inflammatory cytokines, which have been shown to induce BBB remodeling (Bolton & Perry, 1998; Fiala et al., 2002; Huber, Egleton, & Davis, 2001; Minagar & Alexander, 2003) , and may explain the increases in NaFl expression observed in all groups at 90 days, as well as the reason WD-DR rats were afforded some protection.
Higher-order brain functions rely on accurate, responsive signaling processes whereby neurons interpret the often subtle chemical and electrical changes to the brain microenvironment, which is strictly regulated by the BBB. Even small disruptions in interstitial fluid homeostasis may induce "noise" and alter neuronal transmission and transduction. In the case of the hippocampus, which . Blood-brain barrier (BBB) permeability data by strategy group. In the ventral hippocampus (total and all regions except the dentate gyrus), 90-day BBB permeability was significantly higher in rats using a response strategy, compared with an intermediate strategy (A). In the entire ventral hippocampus, CA1, and subiculum, response-prone rats had higher NaFl levels than place rats. NaFl levels in other brain areas are measured by strategy (B). There were no significant strategy-based differences in the total or ventral striatum, dorsal hippocampus, or cerebellum. Rats using a response strategy had increased NaFl in the dorsal hippocampus compared with those using an intermediate strategy. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
displays pronounced cellular plasticity, fluctuations in the presence of nutrients, cytokines, and chemokines can have catastrophic consequences on brain morphology and function (Williamson & Bilbo, 2013) . In addition, increased BBB permeability has been shown to induce neurodegeneration by permitting the influx of neurotoxic substances (Brace, Latimer, & Winn, 1997; Juhler et al., 1984) . WD-induced BBB permeability increases may follow a similar pattern, allowing blood-borne toxins access to CNS neurons. Understanding the mechanisms that link obesity and diet to BBB damage and increased risk for neurological impairments will be an important step toward isolating factors that could be modified to delay or prevent the onset of these pernicious health consequences. Figure 8 . Data for rats fed chow (n ϭ 6), and those pair-fed WD to the number of calories consumed by chow (WD-PF; n ϭ 6). Percent body fat was significantly increased in WD-PF rats compared with chow rats (A). There were no differences in (B) blood glucose or (C) plasma insulin. WD-PF rats required significantly more trials to reach acquisition criteria than chow rats (D). WD-PF rats were marginally more likely to use a response strategy, compared with chow rats (p ϭ .0536; E).
‫ء‬ indicates results significantly different, compared with chow (p Ͻ .05). WD ϭ Western diet; PF ϭ pair fed. This document is copyrighted by the American Psychological Association or one of its allied publishers.
